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Abstract
An electrical substation is composed of various subsystems that allow for the effective
and safe operation of the power grid. One of the subsystems integrating a conventional
substation is defined as the ground grid system. This system allows for the effective operation of
the power grid and all the electrical equipment connected to it by providing a ground potential
reference, commonly known as the system ground. In addition, the ground grid system provides
safety to the workers and the public transiting inside or living nearby a substation by reducing
the step and touch potential (or voltage) levels present during a system fault. In today’s utility
industry practices there is an increasing trend for using pad-mounted electrical equipment for
substation applications in an effort to construct new or upgrade existing electrical facilities inside
limited property spaces. This thesis work presents an analysis for the effects of touch and step
voltages at existing distribution substations where 23.9kV to 4.16kV & 13.8kV to 4.16kV padmounted transformers and other pad-mounted switchgear was installed to replace the traditional
station class equipment. Moreover, this study will expose modeling techniques employed to
define and determine the effects of floating grounds and other exposed metal bodies inside or
surrounding these substations using WinIGS; this is in an effort to determine any risks of electric
shock associated with this type of installations. The results presented in this work is intended to
verify the requirements for the ground grid analysis and design for 4.16kV distribution
substations with pad-mounted equipment in order to prevent dangerous step and touch voltage
levels appearing at these sites during system faults; and ultimately prevent exposing individuals
to the risk of an electric shock.
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Chapter 1: Introduction
Defining a power grid system is the first step towards introducing a ground system (or
ground grid) and the techniques required for its analysis. As defined in the published abstract
“Smart Grid Platform”, in its most basic form an electric power grid is an interconnected
electrical system that delivers electricity from suppliers to costumers [3]. From the perspective of
a power engineer working in the utility industry, a power system (or power grid) is defined as an
electric system capable of generating, transmitting, and distributing electric power to customers.
Such a complex system is composed by several different sub-systems that allow for the reliable
and effective management of electric energy from where it is generated to the interconnections
with costumers where the energy is ultimately consumed. An electric substation is a subsystem
in the power grid that allows for the conversion of electric power from one form of voltage to
another for the purpose of effectively transmitting and distributing the electric energy as
necessary. The work presented in this document will focus in the analysis of a subsystem
integrating an electrical substation, defined as the ground system or ground grid.
Among the different components integrating an electrical substation, the ground grid
system is one of the most important elements required for its effective and safe every-day
operation. However, for substations with pad-mounted equipment its analysis and design has
historically been approached using heuristic methods to comply with the most basic forms of
design and safety standards. As it will be further developed in this document, apart from
ensuring proper system functionality during normal operation, the ground grid inside a substation
is a fundamental safety mechanism in the substation during abnormal conditions in the system.
For this thesis work, abnormal system conditions for the system refers to electric faults at the
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13.8kV to 4.16kV & 23.9kV to 4.16kV distribution substations with pad-mounted equipment.
Figure 1.1 illustrates a computerized 3D model for typical pad-mounted substation where
heuristic grounding methods were used when upgrading from an old existing substation with
station class equipment.
The effect of electric faults in any give portion of a power system is that a ground
potential rise (GPR) will appear at the location where the fault occurs. This GPR value is a
measurable voltage value to which utility personnel and the general public in the vicinity of the
fault location will be exposed to during such an event. Then, as it will be further described in
consecutive chapters, the concepts of touch and step potentials (or voltages) will become
apparent when determining the functionality of the grounding grid systems since they define
margins of safe voltages found on earth, any neutral, grounded, and metallic object exposed to a
GPR during a fault in the system. These potential thresholds are defined by C.F. Dalziel as a
mathematical calculation for the maximum voltage value for a person to be exposed before
suffering the effects of ventricular defibrillation from an electric shock [9]. This is given that
one of the main purposes of an effective grounding system is to reduce these two potential values
to specific magnitudes inside & around substations, transmission lines, and other portions of the
power system to prevent exposing personnel and the general public to dangerous electric shock
hazards during normal and abnormal operating conditions.

2

Figure 1.1: 3D Model for Substation B using WinIGS.

3

Chapter 2: Problem
When designing electrical substations several subsystems have to be integrated into the
designs apart from the electrical equipment to be installed. As previously discussed, the ground
grid in a substation is highly important for maintaining a satisfactory operation of the substation
while ensuring safety to the people exposed to enter or be in the vicinity of these types of
facilities. IEEE Std. 80-2013 further defines a safe ground system as a system meeting he
following two objectives: “to provide means to carry electric currents into the earth under normal
and fault conditions without exceeding any operating and equipment limits or adversely affecting
continuity of service” and “to assure that a person in the vicinity of grounded facilities is not
exposed to the danger of critical electric shock” [4]. However, the new trends for installing padmounted equipment in substations seems to overlook these requirements for proper ground grid
system analysis and design. This is due to that, traditionally, these types of installations are
mainly used where property space is a constraint and heuristic grounding analysis and design
techniques are employed.
Yet, the need for determining the risks associated for distribution substations with padmounted equipment and the effect of the GPR values found at these sites during fault conditions
is clearly defined by not only IEEE standards, but other published studies that expose the
requirement of a detailed engineering grounding grid design for installations with pad-mounted
equipment [12]. Ruwan Weeransundara studied specific pad-mounted transformer installations
with very specific electrical characteristics and using basic considerations for grounding systems
installed based in Canadian Standards for pad-mounted equipment as shown in Figure 2.1.
Weeransundara results arrived to the conclusion that, in a very basic level, all the ground systems
used for pad-mounted transformer installations must be analyzed to ensure that an effective and
4
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safe grounding design and installation is achieved [12].

Figures 2.1 and 2.2 illustrate the

Canadian standards analyzed by Weeransundara, providing a basic understanding of some of the
common grounding standards used in industry for pad-mounted equipment and that served as a
starting1pointHuman
for the 4.16kV
distribution
substations analyzed in this thesis work.
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used in analyzing ground systems for pad-mounted

equipment does not provide a definite procedure to simulate the effect and behavior of floating
grounds or other metal bodies found inside or nearby these type of facilities. Previous published
work targeting this problem, such as Weeransundara’s work, fail to include a recommendation
for analyzing and designing ground systems where pad-mounted transformers are installed in the
close to other conductive bodies and the effect they have on the permissible touch and step
voltages found at such sites. This problem is extremely important when considering that padmounted equipment installations used for substation applications could be in close proximity to a
perimeter fence around the station, steel structures, and neighboring developed properties. The
thesis work herein presented aims to provide a basic understanding for the ground system

6

constraints and requirements that an engineer must consider when installing distribution
substations with pad-mounted equipment.
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Chapter 3: Background
3.1

Defining a Ground System
As Sakis Meliopoulos describes in his book Power System Grounding and Transients [6],

there are three main types of ground systems normally used in a power grid with their respective
definition. Inside substations, or substation type grounding, a typical ground system is called a
ground grid and is composed by a series of rods and conductors interconnected and buried
underground. This underground ground system is typically used to interconnect all the neutrals
of the system and all the metal structures at the substation. At the transmission lines, or
transmission type grounding, a typical ground system consists of rings, counterpoises, ground
rods, etc. At a house, or residential/commercial type grounding, one or two rods compose the
ground system. All the ground systems previously described typically serve as the ground and/or
neutral reference voltage for the AC electric system found at such specific locations connected to
the power grid.
As described in the previous chapter, IEEE Std. 80-2013 further describes the purpose of
ground systems at substations by defining two objectives for an effective grounding grid [4]. The
first objective of a grounding grid is “to provide means to carry electric currents into earth under
normal and fault conditions without exceeding any operating and equipment limits or adversely
affecting continuity of service.” The second objective defined by this standard is “to assure that a
person in the vicinity of grounded facilities is not exposed to the danger of critical electric
shock.” For the work presented in this document and the analysis of touch & step potential
phenomena we will focus in the second objective for an effective ground system described
above. Moreover, since during normal operation a ground grid inside a substation is normally
8

expected to not adversely affect the condition of the power grid, the analysis to be conducted will
only focus on the ground system behavior during fault conditions at the substation involving a
ground element. Faults involving a ground element divide into three major types, single line (or
phase) to ground faults, two line (or phase) to ground faults, and three line (or phase) to ground
fault; and are these three fault types the only electric faults capable of creating a significant
ground potential rise at a substation.

3.2

Earth Voltages & The Maximum Ground Potential Rise (GPR)
The first two concepts that must be understood for the analysis of ground grids are the

Earth Voltage and Maximum Ground Potential Rise (GPR). Due to the electrical characteristics
that Earth has, voltage differences can be measured between specific locations found on Earth
and what is defined as “remote Earth”. Remote Earth is a reference voltage with a value
extremely close to zero Volts (0 V.), theoretically far away from where a power system is
located. Often, at facilities where electrical equipment is located, voltage values between the
native soil of that location and remote Earth can be found during normal system operations
caused by abnormalities and imperfections in the power grid. While normally these “Earth
voltages” found on Earth are present and are undetectable by people, there are significant “Earth
voltage” levels that can be created by abnormalities in an electrical system or power grid that
could pose a danger to an individual exposed to them. In very basic terms, abnormalities in a
power system can be defined as system transients, unbalances, and fault conditions.
Abnormalities in an electrical system play a crucial role in the “Earth voltage” and GPR
calculations since these states of the systems will introduce stray electric currents locally to
Earth, consequently affecting the natural earth voltages found at a given location.
9

IEEE 80-2013 defines the maximum ground potential rise (GPR) as the maximum
electrical potential (or voltage) that a substation’s ground grid may attain relative to a distant
grounding point assumed to be at the potential of remote earth [4]. Due to that the purpose of this
work is not to explore or analyze the GPR calculations, only a basic description will be presented
in this chapter. Mathematically, this voltage is equal to the maximum current injected to the
ground grid times the grid resistance times a correction factor called the split factor:

𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑅𝑖𝑠𝑒 (𝐺𝑃𝑅) = 𝐼! ∗ 𝑅! ∗ 𝑆𝑃

Where 𝐼! is the electric current injected to Earth at a given location, 𝑅! is an
approximation for the resistance between such a location and remote Earth, and SP is defined as
the split factor.
First, let’s discuss the basic mathematical model to estimate the total resistance to remote
earth of a given site, where we will represent this resistance value as 𝑅! . The equation for
calculating 𝑅! is defined as follows:

𝑅! =

𝜌
𝜋
×
4
𝐴

Where 𝜌 is the site’s (or substation’s) soil resistivity in Ω ∙ 𝑚 and A represents an
arbitrary area on Earth on which the resistance value is expected to be present. Although this
approximation can be used to estimate the resistance for the site, an alternate approximation had
to be developed to include the potential existence of a ground grid system at a given site. In order
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to accomplish this task, IEEE 80-2013 presents a derivation from the studies performed Laurent
and Niemann [4].

𝑅! = 𝜌

1
+
𝐿!

1
20𝐴

1+

1
1 + ℎ 20/𝐴

Where 𝐿 ! is the total buried length of conductor in m and h is the depth of the grid in m.
Note that this second approximation is taking into account a horizontal grounding grid only,
excluding any vertical elements that could conform other designs of ground systems. In 1954
Schwarz developed a set of equations to better estimate 𝑅! and take into account the existence of
vertically buried rods in a grounding grid design; such an equation is shown below:

𝑅! =

!
𝑅! 𝑅! − 𝑅!
𝑅! + 𝑅! − 2𝑅!

Where 𝑅! is the ground resistance of grid conductors in Ω, 𝑅! is the ground resistance of
all ground rods in Ω, and 𝑅! is the mutual ground resistance between the group conductors 𝑅!
and 𝑅! defined by Schwarz in his new approximation.
𝑅! =

𝜌
2𝐿!
𝑘! ∙ 𝐿!
ln
+
− 𝑘!
𝜋𝐿!
𝑎′
𝐴

Where:
𝜌

is the soil resistivity in Ω ∙ 𝑚

𝐿!

is the total length of all connected grid conductors in m

𝑎′

is 𝑎 ∙ 2ℎ for conductors buried at a depth h in m.
11

2a

is the average diameter of each conductor in m

𝑘! , 𝑘! are Schwarz’s coefficients.
𝐴

is the area covered by conductors in 𝑚!

Ground resistance for the vertical rods:

𝑅! =

𝜌
4𝐿!
2𝑘! ∙ 𝐿!
ln
−1+
2 𝜋 𝑛! 𝐿!
𝑏
𝐴

𝑛! − 1

!

Where:
𝐿!

is the length of each rod in m

2b

is the average diameter of each rod in m

𝑛!

is the number of rods placed in area A

Mutual ground resistance between the grid and the rod bed:

𝑅! =

𝜌
2𝐿!
𝑘! ∙ 𝐿!
ln
+
− 𝑘! + 1
𝜋𝐿!
𝐿!
𝐴

As mentioned in IEEE 80-2013, Schwarz compared the results of his equations to
previously published theoretical work and to model tests to verify the accuracy of his equations.
Since these mathematical models were published in 1954 the only modifications to the equations
are for constants 𝑘! 𝑎𝑛𝑑 𝑘! , the most updated values for these constants can be found published
in the latest version of IEEE standard 80 [4].
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The second element required to compute the GPR calculation previously mentioned is 𝐼! .
We define 𝐼! as the electric current that is injected to Earth at a given location, and for
simplicity, during an abnormal state or fault condition in a power system. Furthermore, this
electric current must be defined as the current that is locally injected and travels from such a
given location through Earth to Remote Earth and then back to the electric source. As mentioned
earlier, the injection of these stray currents are normally caused by abnormal states of an electric
system and for simplicity fault conditions are considered the worst-case abnormal state of the
electric system for grounding system analysis.
The third and final element to be considered in the mathematical model for calculating
the Maximum GPR of a substation is called the Split Factor. The maximum GPR is normally
found at a substation when a fault condition involving a ground element is present. However, due
to the electrical characteristics of the native soil found at a given location and the physical
connections of the electric system at such a location, not all the fault current will travel back to
the source through Earth. Sometimes the neutral of the system will serve as an alternate path
with less resistance to the source for the fault current to travel, splitting the magnitude of fault
current injected at a given site into two: fault currents traveling back to the source through Earth
and fault currents traveling back to the source through the system neutrals. The percentage of
fault current that travels back to the source through Earth with respect to the total fault current
present is called the split factor. Adding the split factor to the mathematical model for calculating
the GPR yields to the equation previously defined.

13

3.3

Maximum Touch & Step Potentials (or Voltages) Calculations
To further analyze the presence and risks of an electric shock at a substation during a

system fault condition, the definition and importance of touch and step potential must be
introduced. In order for an electric shock hazard to a person present at a location where a fault
occurred, electric current must be able to travel through such a person. From a basic Ohm’s law
perspective we know that in order for an electric current to flow trough a body a potential (or
voltage) difference must exist between both sides of such a body. Ohm’s law and the derivation
for calculating currents traveling through a resistance are shown below:

𝑉 = 𝐼×𝑅
𝐼 = 𝑉/𝑅

For electrical analysis purposes, a person can be mathematically defined as a resistor with
specific electrical resistance values determined by the different body measurements from such a
person. As mentioned in IEEE 80-2013 and in other publications, C.F. Dalziel mathematically
approximates this electric current from experimental studies as [4,9]:
𝐼!"!"!" =
𝐼!"!"!" =

. 116
𝑇
. 157
𝑇

Where 𝐼!" is the Maximum Body Current in Amps and T is the duration of such a current
in seconds. The first equitation for 𝐼!"!"!" was derived from the statistical analysis that Dalziel
gather on population weighting 50kg and the 𝐼!"!"!" equation was derived from statistical
analysis on population weighting in average 70kg. Dalziel’s experiments and other studies define
14

specific values for 𝐼!" that, statistically speaking, would place an individual in danger of
suffering ventricular defibrillation. Industry has adopted the convention of analyzing permissible
touch and step voltage levels preventing reaching values for 𝐼!" that could potentially cause
physical damage to a human being [4,9].
The permissible voltage levels mentioned earlier are referred as the “Permissible Touch
and Step Potentials (or Voltages)”. As mentioned before, these values define a numerical voltage
level to which a person can be exposed before suffering of ventricular defibrillation caused by an
electric shock. During a ground analysis, the maximum GPR found at a given site is used to
calculate the actual “Maximum Touch Potential (MTP)” and the “Maximum Step Potential
(MSP)” values in order to compare them to the permissible voltages. K. D. Pham further defines
the MTP and MSP mathematical models as a function of 𝐼!" and the resistance elements of an
average person and the soil resistivity at the substation in question as [9]:

𝑀𝑆𝑃 = (𝑅! + 2𝑅! ) × 𝐼!"
𝑀𝑇𝑃 = (𝑅! +

𝑅!
) × 𝐼!"
2

Where 𝑅! is the body resistance of an average person and 𝑅! is the resistance of the
foot/remote earth. Furthermore, Dalziel’s study determines that, by treating the foot of a person
as a circular plate electrode, 𝑅! can be approximated as 3𝜌! . Where 𝜌! is the resistivity if the
surface soil layer at the substation measured in ohms-meter. Deriving a new set of equations for
MSP and MTP based in Dalziel’s approximation we obtain:
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𝑀𝑆𝑃 = (𝑅! + 6𝜌! ) × 𝐼!"
𝑀𝑇𝑃 = (𝑅! + 1.5𝜌! ) × 𝐼!"

Given that the duration that a given person is exposed to the shock hazard, as described
earlier, greatly determines the calculations for the MSP and MTP a basic explanation identifying
and defining this value must be introduced. Since during normal system operation no significant
electric current is expected to be present at neutral or ground systems from the power grid we
will focus on looking at currents flowing to these systems during abnormal operations; i.e. all the
different types of faults involving a ground element. In order to determine the T value we need to
explore the concept of protection coordination in a power system. Also, the concept of N-X
contingency must be further introduced.
Coordination of protective devices in power system is defined as the art of de-energizing
or isolating portions of the power system containing a fault without adversely affecting other
“unfaulted” portions of the system. In order to accomplish this, engineers must make sure that
the use of protective coordination curves in protective devices, such as relays, are implemented
correctly. A very basic explanation to this concept is that, from fault location within the system
the closest upstream protective device must be capable of detecting the fault condition and re-act
upon such a condition. If this protective device fails to act the next upstream protective devices
must be able to detect the same fault condition and act upon this situation, once the first
protective device fails to work. This process is repeated by all the protective devices installed
throughout the system to ensure that the fault is cleared and isolated from the rest of the power
grid. The importance of the coordination of these protective devices and their respective
protection curves is that no device will act instantly to the fault condition, meaning that there will

16

always be a time delay before the fault is cleared. Moreover, by the use of time-overcurrent
curves instead of instantaneous protection curves such a delay fluctuates depending on the
magnitude of the fault current seen by a specific device at a specific point of the system.
Therefore, the time delay to be used for calculating the 𝐼!" value is not only dependent in the
type of protection curves used in the protective devices installed in the power grid, but in the
location of such devices and the location of the fault. For the analysis presented in this work,
there are several factors to be taken into account for determining such a time delay, and they will
be further described in consecutive sections and chapters.
Another factor to take into account for determining the time values to be used when
calculating the permissible and maximum “Step” and “Touch” potential values is the type of
contingency scenario to be acquired by the grounding system in question. IEEE and other studies
determine that pre-defining a N-X contingency scenario for analyzing grounding system is
extremely important because this will ultimately determine the T variable used in the calculation
for the permissible voltage values. Taking a simple scenario where a 13.8kV to 4.16kV
distribution substation with pad-mounted transformer had no protective devices within the
substation. The source to the transformer comes from a distribution circuit, where many “in-line”
protective devices are found. In such a scenario, an engineer must determine what would be the
safest and most logical N-X contingency scenario to use for the ground grid analysis since using
a different time values will greatly affect the calculation for permissible touch and step voltages.
Industry and most of the recommended contingency scenarios used for ground system analysis is
an N-2 contingency. This means that the time delays to be considered for determining the MSP
and the MTP must be acquired from the second upstream protective device from the site in
question. Moreover, the fault current that these devices will experience at a time of a fault at the
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site in question may potentially be different due to the circuit impedance and this factor must be
taken into account for analysis the grounding grid in question. For simplicity purposes and to
ensure proper safety thresholds, the analysis presented in this document used a time value of .5
seconds for all the MTP and MSP calculations as described in consecutive sections and chapters.

3.4

Transfer Voltages from Earth Voltages
The presence of Earth Voltages was defined in pervious sections, from where the concept

of the maximum GPR caused by abnormal system states was introduced. One more concept is
yet to be explored to fully understand not only the methods for grounding systems analysis, but
also the important role in safety that these types of systems have. As previously described,
during a system fault at a given location there will be a ground potential rise (GPR) present.
Mathematically, if the fault is located inside a substation where a ground grid is found then the
voltage from the entire grid is to be elevated at the same level. However, due to the electrical
characteristics of the native soil at such a location, the local earth voltage with respect to remote
Earth, will start to dissipate outside the facility in a ripple-like effect. This Earth voltage levels
found outside a grounded facility when a fault occurs are defined in this thesis work as transfer
voltages. The importance of analyzing these voltages at a substation is because depending on the
maximum GPR levels found at a substation, different Earth voltage levels will also appear at
surrounding facilities not connected to the station’s grounding grid or floating ground systems.
Consequently, people and equipment inside or at a nearby location from the substation may be
exposed to dangerous voltage levels.
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3.5

Distribution Substations with Pad-Mounted Equipment
As previously illustrated in figures 2.1 and 2.2, pad-mounted electrical equipment refers

to electrical equipment encased inside a metal box and normally connected via underground
cables. Under normal operating conditions the external cases of these devices are not energized
and serve as an added protection to the electrical connections made for the circuits inside them.
Contemporary designs of pad-mounted equipment and installation call for bonding the metal
case and the neutral and/or ground of the system together. This means that, electrically, the
neutral, ground, and metallic enclosure of such equipment connected to a given system is the
same electrical node. Consequently, in the event of a system fault inside the pad-mounted device,
such a node will get elevated to a potentially dangerous voltage level equal or close to the
maximum GPR. For this thesis work, a pad-mounted substation is defined as a site with at least
one pad-mounted transformer installed within a fenced area and feeding a distribution load.
Figure 3.1 illustrates the typical set-up for the 4.16 kV pad-mounted distribution substations
analyzed in this document and Figure 3.2 illustrates the typical electrical connections inside the
pad-mounted transformers found at these sites.
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Figure 3.1: 4.16kV Distribution Substation with Pad-Mounted Equipment
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Figure 3.2: Secondary Side (Low Side) Terminal Connections of a 4.16kV 3-Phase Pad-Mounted
Transformer

Not performing a complete and efficient ground grid analysis at the locations were this
type of equipment is installed poses a potential risk for individual inside or in the vicinity of
these substations during system fault, mainly because the case of pad-mounted equipment is
accessible to be touched by anyone in close proximity to the equipment. The study herein
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described addresses this problem by analyzing the grounding system at existing distribution padmounted substations and identify the effects of GPR values found at these sites during faults.
Pad-mounted equipment is traditionally used for residential and commercial applications, and
there is no formal definition for substation-class pad-mounted equipment; for this study we will
define the pad-mounted equipment analyzed strictly as three-phase pad-mounted devices inside
an enclosed and identified substation site as described earlier in this section.

3.6

Maximum Fault Current and Protection Coordination for Distribution Circuits
The fault current in a circuit is a major factor that affects the maximum GPR calculation

and the obtained voltage value, which is one of the key values for ground grid analysis and
design. The problem associated with the pad-mounted substations analyzed in this work is that
fault current in a system varies from location to location, causing different GPR values to be
found at each of these substations sites. This poses a major problem to this type of analysis
because to create an accurate representation of the system and the fault currents found at each
substation site, each substation must be modeled in a case-by-case basis. Figure 3.3 illustrates the
graphical and electrical representation for a particular type of fault that must be considered in
any grounding grid analysis and design.
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Figure 3.3: Single Line to Ground Fault Physical and Electrical Representation; Power Systems
Analysis & Design, Glover, Sarma, & Overbye

The previous figure illustrate a single-line to ground fault and provide a basic
understanding of how, by the use of symmetrical components, engineers can analyze and
calculate fault current magnitudes in a power system. The purpose of this thesis work is not to
further define or introduce the concept of symmetrical components for fault analysis, however
this figure can be used to illustrate the basic behavior of a fault in the system and further
illustrate the effect of fault current in a ground system. As Figure 3.3 shows, when a fault occurs
in the power grid, a short circuit occurs between a given point in the power system and ground.
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Current will try to find the electric path with less resistance between the fault location and the
source, which is normally the actual Earth found at the fault location.
In addition, the protection coordination of the circuits connected to the substation sites in
question is a key factor for ground grid analysis. This is because, as described in a previous
section, the time delays from the protection coordination to clear the fault directly impacts the
calculation of permissible for touch and step potential values in a station. The device response
and clearing times from the protective devices found at the circuits connected to the 4.16 kV
distribution substations analyzed in this thesis work must be determined and obtained for the
required ground analysis. The problem of analyzing the existing 4.16kV substations is that each
circuit connected to these sites is inheritably different and the protection coordination varies
from circuit to circuit. This thesis work attempts to overcome this challenge by using an assumed
time value for all of the models created as explained in this Chapter. The time values used in this
thesis work attempt to serve as a recommendation for simplicity and to ensure that a proper
methodology is followed to ultimately yield safe ground grid analysis and design efforts.

3.7

Traditional Construction Configurations for Overhead Power Lines and Their
Effect on The Split Factor
Another system characteristic that greatly influences the analysis of ground grid systems

as previously mentioned is the Split Factor. This value is directly linked with two main electrical
characteristics at the substation site being analyzed. The first characteristic is the electrical
characteristic of the native soil at the substation being analyzed, defined as the soil resistivity.
This characteristic defines the electric current distribution on a site during a fault ultimately
affecting the GPR calculation.
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The second characteristic is the impedance of the neutral circuits of the system, which is
mainly defined by the construction configurations used in the circuits connecting the 4.16kV
substations being analyzed and the source substation. The resistance of these circuits compared
with the native soil resistance at each substation analyzed defines the Split Factor value. This
poses a particular problem to the analysis of grounding systems for 4.16kV distribution
substations with pad-mounted equipment since an accurate mathematical representation of these
circuits have to be mathematically constructed or the computer tool used must have adequate
simulation capabilities to accommodate such parameters. As it will be described in subsequent
sections, for this study all the available information from the existing facilities was gathered to
create an accurate model for the circuits connected to the 4.16kV distribution substations
analyzed.

3.8

Substation Location Versus Risks Associated with the Substation Maximum GPR
Another problem found in the 4.16kV substations with pad-mounted equipment analyzed

in this thesis work is the location for the existing facilities and the substation size. This problem,
further analyzed in this study, is extremely critical to utility companies since these types of
distribution substations are installed because of the limitations in property size. Aging
equipment, system growth, and maintenance efforts require to install new or replace old
substations facilities in developed areas where obtaining adequate land is a constraint; which
drives the need for pad-mounted equipment. This thesis work analyzes the ground grid facilities
from existing 4.16kV distribution substations to ensure that adequate ground systems are
installed to provide the required protection inside and surrounding these sites.
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3.9

Behavior of Floating Grounds and Other Metal Bodies During Maximum GPR at a
Substation
The substation ground grid helps in the mitigation of problems associated with ground

potential rise (GPR) and the permissible touch and step voltages by providing an electrical
connection between all the metal structures and equipment exposed to be touched by personnel
during a system fault. However, at some substation facilities and surrounding areas there is
infrastructure or debris completely or partially buried underground that also needs to be taken
into account when analyzing grounding grid systems at substations. For this study all utility
infrastructures other than electrical will be neglected, this includes gas and water pipes that
normally have their own catholic protection and are assumed to be far away from the substations
herein analyzed.
It is important to point out that at the substations analyzed in this document are existing
sites where old facilities were abandoned but are still in direct contact with the substation’s local
Earth. This includes old steel poles, lattice structures, rebar from old foundation work, and
abandoned ground grid. This is normally expected at existing facilities that are being upgraded,
and as this thesis work will expose, all of these floating grounds and metal bodies that potentially
can affect the grounding grid system must be analyzed. Moreover, chain-link fences and gates
must also be considered in the analysis as metal bodies that are floating grounds from a
substation perspective if they are not bonded to the main grounding grid. The pad-mounted
equipment and the floating grounds found at the 4.16kV distribution substations analyzed are not
an interconnected ground grid system as Figure 1.1 previously illustrated.
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3.10

Modeling Constraints and Introduction to WinIGS
Several constrains exist in creating the accurate mathematical models for analyzing

grounding grid systems. As previously discussed, there are several factors that need to be taken
into account when modeling these type of systems, from soil resistivity values for a site to the
conductor size of the circuits connected to the substation in question. Due to the complexity
involved on these calculations, several computational methods and software tools are available
for this type of analysis.
One of the most accepted software tools industry-wide and commercially available for
the analysis of grounding grid systems is called WinIGS. This software tool was developed by
professor Sakis Meliopoulos to aid engineers in the analysis and design of grounding systems.
As it will be further explored in this document, WinIGS has the potential for modeling an entire
substation, the floating grounds, and any other metallic bodies, which must be considered for a
complete grounding grid analysis. In addition, this software program allows for the modeling the
resistivity of the native soil at a site from field test data, such as the soil resistance test results
from a four-point Wenner test. Finally, this software is able to model the distribution and
transmission lines connected to the high and low side of substations to create a more accurate
representation of the system to be analyzed. However there are some limitations to this capability
as it will be further discussed in this document such as only being able to model a single type of
pole construction configuration and ground resistance at such a pole; which the software tool
assumes to be consistent in the entire circuit. In real life applications, this is not necessarily true
since pole types and in some instances soil resistance values vary several times at different points
in a distribution or transmission line. For simplicity this study will assume this average pole
configuration and resistance approach for this study as mentioned in Chapter 4.
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Chapter 4: Methodology
As mentioned in previous chapters, the analysis performed for this thesis work was made
using WinIGS. This software tool allows for the modeling and analysis of ground grid systems
based in the electrical and physical characteristics of the system being studied. This chapter will
further develop the methodology used to gather the required system data to create the models in
WinIGS, exposing all the assumptions and approximations made for data that was not available
during this study. Since the thesis work herein presented does not intend to study or analyze the
different industry-wide accepted methods for gathering field data, the following sections will
focus describing and defining the methodology followed to create the different substation models
in WinIGS only.

4.1

WinIGS Modeling of 4.16kV Distribution Substations with Pad-Mounted
Equipment
In order to accurately model the existing 4.16kV substations in WinIGS, there are several

electrical and physical characteristics of the system that must be gathered for each site to be
analyzed. The most obvious characteristics to be required from the system for modeling purposes
are the electrical characteristics for the power system at each site.
Within the electrical characteristics required, the first set of information to be needed for
is the substation equipment ratings; this is in order to accurately model each one of these devices
in WinIGS. Since most of these pad-mounted distribution substations only have one or two
transformers installed, most of the data was collected from the nameplate of each unit found at
each site. Although this information is readily available at most of the substations and only
28

required an actual trip to each site to see all the nameplate information, a major assumption had
to be made for modeling purposes. That is the actual resistance and reactance values of each
existing transformer. Normally, the nameplate information found on a transformer would specify
an impedance value in a percentage per-unit form, from which gathering an actual numerical
value for the different impedance components becomes a challenge. Due to that WinIGS requires
the actual reactance and resistance values for modeling a transformer, one can approximate this
value from the assumption that the transformer modeled had negligible losses and the resistance
component of the total impedance is zero. By making this assumption, the total magnitude of the
impedance shown on a nameplate can be assumed to equal the total reactance of the unit;
assumption that was made and used to model all the transformers found on this analysis and that
are shown in Table 4.1.

Table 4.1: Electrical Characteristics for 4.16kV Substation Final Grades & 4.16kV Pad-Mounted
Transformers
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The next set of information from the system required to create a model in WinIGS is the
Thevenin equivalent circuits to simulate a source for each site to be analyzed. Due to that each
site is fed from a bigger distribution substation via a single distribution circuit, the approach
followed to model these sources was to obtain the Thevenin equivalent circuits at these big
substations. All the data required for modeling these equivalent sources was obtained from an
ASPEN database that provided the necessary Thevenin equivalent circuit values required to
simulate the source at each site as shown on Table 4.1. Also, it is important to point out that a 1ohm value was used as the default source resistance for all the models in this study.

Table 4.2: Thevenin Equivalent Circuit Characteristics from ASPEN Database at Source
Substations
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The third and final set of electrical characteristics from the electric system required for
each site analysis was the construction configuration for each circuit connected to the high and
low sides of the 4.16kV substations. The information required includes the conductor size for
each phase and neutral of the circuits, an average pole type for the entire circuit, and an average
framing type representative of the entire circuit; the information gathered for this analysis is
summarized in Table 4.2. These construction configurations together with an average ground
resistance at each pole assumed to be 20 Ohms was used by WinIGS to calculate the maximum
GPR at each site as discussed in previous sections and as shown in chapter 5.

Table 4.3: Average O.H. Power Line Data for WinIGS Models

Note that due to the information provided comes from existing facilities, not all field data
was available and a conservative set of assumptions had to be made for this study. Information
not available for “Substation I” was assumed to be similar to the information obtained for
“Substation C”. This is due to that the mode from all the data gathered are the values obtained
for “Substation C” as shown in the table above. Another conservative assumption made for this
analysis was that the values found on table 4.2 are statistical representations for the circuits
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connected to the 4.16kV distribution substations in question; this is due to that in a single circuit
different poles and framing types can be found and greatly increasing the complexity for
modeling each circuit. These conservative values for the distribution circuits represents the mode
for the entire over-head (O.H.) power line data modeled in this thesis work.

4.2

Soil Resistance Test and Soil Resistivity Calculations
A major and challenging to obtain piece of information required for an accurate ground

grid analysis using WinIGS is the soil resistivity values at each site to be studied. The soil
resistivity is an electrical characteristic of the native soil found at each site that, as previously
discussed, affect the GPR, touch potential, and step potential calculations in any ground system
study. The challenge for obtaining this data in existing facilities falls to the fact that any
developed area could potentially have conductive debris or existing floating ground systems that
ultimately affect the values obtained in a soil resistance test. For this work, a virgin and a
relatively close location had to be identified for each site to perform the soil resistance tests
required, then the native soil resistance values obtained at such sites were assumed to be
representative of the substations’ soil resistance values needed for the analysis.
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Figure 4.1: Four-Point Wenner Method

The soil resistance method used to obtain these electrical values for the native soil at each
site is defined as the “Four-Point Wenner Method”, which entails installing four conductive rods
in the ground and injecting voltages and currents to these rods in order to measure a
representative soil resistance value at the site in question as shown in Figure 4.1. In order to get a
more accurate representation for the soil resistance at each site, the test is repeated several times
and the separation between the rods is increased for each new test until various samples are
obtained for these resistance values. Resistance values for the native soil allows for the
calculation of a resistivity value for the native soil at each site based on the following equation:

𝜌! = 2𝜋𝑎𝑅

Where:
𝜌! is the soil resistivity in Ω m.
a is the distance between each rod from the Wenner resistance test
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R is the resistance value obtained for the native soil

The previous equation depicts the mathematical model to calculate the resistivity of
native soil from field-testing and is included in this document because one of the WinIGS inputs
for completing the ground model is this resistivity value. It is important to note that during this
thesis work, this calculation was performed manually in order to enter the required resistivity
data into WinIGS for each field test performed.

4.3

Modeling of Floating Grounds Using WinIGS
The concept of floating grounds is a key element for this study since one of the main

safety concerns when analyzing grounding grid systems is the effect of GPR at sites where other
metal structures not connected to the main substation grounding grid system are located in close
proximity to a substation, partially buried, and/or exposed to be touched by a person. These
metal facilities are defined in this thesis work as floating grounds. As stated before, these
floating grounds include existing and abandoned ground grid systems inside a substation,
substation’s chain-link fences not connected to the ground grid, and metal structures found
within a station but not connected to the main ground grid. Due to that the substations to be
analyzed were identified to only have a grounding grid system composed by a single ground rod
connected to the system neutral at each pad-mounted device, all other existing conductive
facilities are considered as floating grounds in this study.
In addition, the study herein presented analyzed the effects of GPR on other metal bodies
from neighboring sites that could potentially be affected, these metal bodies include any
conductive structures not part of the power system but in the vicinity of the substations analyzed.
The methodology followed to identify and determine the range to which the effects of GPR must
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be analyzed to prevent exposure to dangerous earth voltages at these neighboring facilities was to
extend the equipotential plots in WinIGS five feet (5’) away from each substation analyzed.
Is important to point out that all the substations analyzed in this thesis work were
identified to have at least one form of floating ground system, the chain-link fence. The entire
fifteen 4.16kV distribution substations modeled were constructed and still have a chain-link
fence surrounding the property which is not connected to the substation ground grid system as
illustrated in Figure 1.1. The lack of an electrical connection between the single-rod ground
system installed at the pad-mount equipment found at every substation and the substation chainlink fence is what categorizes every chain-link fence as a floating ground within the substation.
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Chapter 5: Analysis of Results
For this thesis work existing ground systems at fifteen 4.16kV distribution substations
with pad-mounted equipment were analyzed using WinIGS; refer to the Appendix for the 3D
Models of these substations in WinIGS. Table 5.1 summarizes the maximum GPR values
obtained from each modeled substation based in all the electrical characteristics from the systems
previously discussed. It is important to point out that two maximum GPR values were obtained
for this study, the maximum GPR at the main substation ground grid and the maximum GPR at
the floating ground system.

Table 5.1: WinIGS Simulation Results for Maximum GPR

The maximum GPR at the substation ground system, or Sub GND, refers to the ground
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potential rise found at the neutral terminals and single-rod ground system installations found at
the pad-mounted equipment. The maximum GPR at the floating ground, or Float GND, refers to
the ground potential rise appearing at every other existing floating ground system, conductive
fence, and existing structures not connected to the main substation ground grid; and is caused by
the appearance of a GPR at the substation ground system. As it will be further discussed in this
thesis work, these two values are extremely important for the analysis of the fifteen substations
studied in this thesis work since they define the functionality of the substation ground systems
herein analyzed.

5.1

WinIGS Simulation Results Inside the 4.16kV Distribution Substations
The results obtained after simulating the entire fifteen existing 4.16kV distribution

substations using WinIGS are summarized in Table 5.2 for the permissible touch and step
potential values. The table below also specifies the voltage types found at each substation site for
Substation A through O and, as illustrated, these type of distribution substations that were
analyzed have different high side voltage levels with the low side voltage being 4.16kV for all of
them.
Also, this table summarizes the existing ground grid status into three categories to
identify the existing facilities found at each site. The first category refers to the type of ground
system installed at the existing substation, which as discussed in previous chapters consists of
following the traditional single ground rod installation and connect it to the pad-mounted
equipment’s neutral terminals & metal cover. The second category identifies the existence of a
floating ground system. Due to that the distribution substations analyzed in this thesis work were
constructed at facilities with existing infrastructure from legacy substations, the remains of old
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grounding grid systems had to be located and identified for an accurate interpretation of the
results in this analysis. The third category refers to the existence of other metal bodies that have
to the identified for the accurate analysis and interpretation of results of this work. Different from
what was defined as floating grounds in this thesis work, these metal bodies identify
infrastructure in direct contact to the substation earth and that have electrical conductive
properties that during a fault in the system and GPR at the substation can potentially become
energized to dangerous voltage levels. The metal bodies identified at most of the substations are
assumed to be in close vicinity to the substation and, as discussed in a previous section, assumed
to be within five feet (5’) away from the chain-link fence. Table 5.2 provides a final reference
and comparison between the voltage values calculated by WinIGS for the permissible touch &
step voltage levels and the actual simulated touch & step voltage levels based in the system
characteristics of such sites analyzed.

Table 5.2: WinIGS Simulation Results for Step & Touch Voltages Inside 4.16kV Substations
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5.2

Interpretation for Results Obtained Inside the 4.16kV Distribution Substations
The analysis results shown in Table 5.2 show that the existing facilities with the installed

ground system at the fifteen 4.16kV distribution substations with pad-mounted equipment are not
designed to provide the safety parameters required for a safe ground grid as specified by IEEE
std. 80-2013 [4] and as described in previous chapters. This is due to that at the substations
analyzed in this thesis work no existing facility possess the adequate ground grid for the touch
and step potential permissible voltage levels present during a system fault. Moreover, in some
instances the actual touch and step potential values found at these sites during a fault are more
than double the magnitude of the permissible voltages, creating a real safety hazard to anyone
inside the substation facility not wearing proper personal protective equipment (PPE).
Also, it is important to point out that, based in these results, the different distribution
voltage levels found on the high side at these sites do not have a major impact to the ground grid
analysis. It is expected that, based in fault analysis theory, voltage differences have an impact in
the magnitude of fault current found at specific points in the power system; consequently
yielding fluctuations to the GPR values calculated and ultimately affecting the ground grid
analysis. For the results obtained in this thesis work for the GPR and actual touch & step
voltages the operation voltages at the substation sites analyzed do have an impact on the GPR
calculated, but this impact did not have a major impact to the overall results of this analysis for
determining the effectiveness, reliability, and overall functionality of the grounding grid systems
herein analyzed. The major element impacting the results is the lack of proper ground system
design and installation at these types of systems. Therefore, in can be concluded that at the
fifteen existing 4.16kV distribution substations with pad-mounted equipment rated to 2.5MVA a
complete ground analysis, design, and installation performed by a qualified engineer is required.
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5.3

Analysis of Results for the Effect of Floating Grounds and Other Metal Bodies
One of the main purposes of the work presented in this document is to determine the

effect of floating grounds and other metal bodies present inside or in the vicinity of the 4.16kV
distribution substations in question. Table 5.3 contains the results for the metal-to-metal voltages
calculated for the analysis of these floating grounds and other metal bodies in comparison with
the permissible touch voltage thresholds at each site.

Table 5.3: Metal-to-Metal Voltage Calculation Results

For this thesis work, the meta-to-metal voltages are defined as the voltage difference
found between the pad-mounted equipment at the 4.16kV stations and a floating ground during a
fault event producing a GPR at the substation. This voltage difference is mathematically defined
as follows:
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𝑀𝑒𝑡𝑎𝑙 − 𝑡𝑜 − 𝑀𝑒𝑡𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 = (𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐺𝑃𝑅) − (𝐹𝑙𝑜𝑎𝑡𝑖𝑛𝑔 𝐺𝑟𝑜𝑢𝑛𝑑 𝐺𝑃𝑅)

As discussed in previous chapters, a GPR at the substations caused by a fault at the padmounted equipment will transfer to the nearby floating grounds and other metal facilities in
direct contact with the local earth. Therefore, a person can potentially be touching the floating
ground and the substation ground grid system at the same time and experience the voltage
difference that exist between both systems during a fault at the substation. Due to the definition
for a safe ground system and touch voltages introduced in previous chapters, it becomes clear
that the permissible touch voltage thresholds must be used to identify if the potential difference
between the floating ground and the substation ground system exceed these permissible values
and would expose a person touching both system at risk of an electric shock. From the results
shown in Table 5.3 it can be concluded that during a fault event yielding to a GPR at the
substation ground grid and floating ground(s) a person touching both ground systems will be
exposed to voltages above the permissible touch potential values at every 4.16kV distribution
substation with pad-mounted equipment analyzed for this thesis work.

41

Chapter 6: Conclusion & Future Work
The grounding grid system in a substation is a key element for the safe and reliable
operation of the power grid system providing a ground reference at the station, however one of
the most important characteristics of these systems is that they provide the necessary protection
to individuals exposed to these type of facilities. As we previously discussed, this is
accomplished by designing a safe ground system to reduce the step and touch potential levels in
a substation to the permissible values at each site. Although the work presented in this document
provides recommendations for practices when modeling the grounding grid for distribution
substations with pad-mounted equipment, there are several parameters that are yet to be studied
and verified through research and experimentation to further improve the methods employed
when modeling these type of systems.

6.1

Conclusion based on Overall Analysis and Results for Existing 4.16kV Distribution
Substations with Pad-Mounted Transformers, Floating Grounds, and Other
Exposed Metal Bodies
The results for this thesis work and previous conclusions discussed in previous sections

yield to two major overall conclusion statements. First, the analysis performed at the existing
4.16kV distribution substations with pad-mounted equipment rated to 2.5MVA provided results
demonstrating that none of these existing sites have adequate grounding grid systems. The lack
of proper grounding analysis and the improper installation of a grounding grid proved to be
extremely inefficient for maintaining the touch and step potential voltages at or below the
permissible levels as discussed in section 5.1. Moreover, from these results it can be concluded
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that the traditional heuristic approaches used for the design and installations of the ground
systems found at the 4.16kV substations herein analyzed do not provide a proper approach and
are in violation to the IEEE std. 80-2013 definition for a safe grounding grid [4]. The effect of
floating grounds and other metal bodies inside and/or vicinity of these substations with padmounted equipment and improper ground grids also create a major safety concern due to that the
effects of GPR seen on this work will also expose a person inside or in the vicinity of the
substation to dangerous step and touch voltage levels. As stated before, during a fault event
yielding to a GPR at the substation ground grid and floating ground(s) a person touching both
ground systems will be exposed to voltages above the permissible touch potential values at every
substation modeled and analyzed in this study.
The last stated arguments yield to the second major overall conclusion of this work,
which also verifies the conclusions published by Weeransundara: “A detailed engineered
grounding design should be prepared by a qualified person for pad-mounted transformer
installations…” [12]. This is due to the required knowledge of not only the theory for ground
grid analysis, but the engineering background in power systems and industry standards for
identifying all the required information for a new or existing substation grounding analysis, padmounted equipment to be used, and modeling techniques is needed to create an accurate
representation of the site in question. Therefore, for installing pad-mounted transformers and
other pad-mounted equipment for substation applications a proper grounding study must be
performed to ensure that a safe ground grid system is designed and installed at 4.16kV
distribution substations with similar electrical characteristics to the facilities analyzed in this
thesis work.
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6.2

Effect of Device Response & Clearing Times for Future Work
Chapter 3 briefly discussed the effects of the device response and clearing times from the

protection equipment installed in a power system when analysis the permissible touch and step
potential levels during a ground grid analysis. This thesis work created all the substation models
based in an assumed set time value for these clearing times as discussed in Chapter 4. The need
to further investigate the effects and feasibility of restricting the device response and clearing
times for ground grid analysis employed in protection coordination & restricting the fault
currents available in specific locations in the power systems could serve to further develop
modeling techniques when analyzing these types of facilities. Furthermore, this type of analysis
may help further verify the published recommendations on the current industry standards and
provide a more realistic representation of the behavior of the system during faults.

6.3

Substation Property Size Versus Maximum GPR for Future Work
A main driver behind the study performed for this thesis work was the growing trend in

utilizing pad-mounted equipment for substation applications where property size is a constraint.
Moreover, apart from the electrical characteristics of the systems under investigation and the
local earth properties present at the distribution substations analyzed, the complexity and
challenges for this study was intimately caused by the property size of the existing substation
sites. A vague correlation between the property size and the electrical characteristics of a
grounding system, such as the maximum available GPR, can be seen when performing
grounding grid analysis. Performing a complex study and defining a mathematical model for the
direct correlation, if any exists, between these two parameters can be extremely helpful in
determining the optimum property sizes for substation designs and reduce the amount of
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complex grounding grid analysis requirements. Also, a mathematical model could be develop to
determine the minimum property size required for a specific substation based on different
electrical characteristics from a specific system, such as maximum available fault current,
resistivity of native soil, and maximum GPR values.

6.4

Power Line Construction Configurations Versus Maximum GPR At Distribution
Substations for Future Work
The ground grid systems modeling techniques explored in this study illustrate the impact

of different electrical characteristics of the circuits connected to the source and load sides of the
stations to the final results obtained from a grounding system analysis. The main electric
characteristics from the circuits connected to the primary and secondary sides of the substation
impacting the maximum GPR calculations is the impedance of these circuits that define the
available fault currents at each site to be analyzed and also the split factor.
The maximum available fault current in a system is linked to the impedance between the
source of fault current and the location of the fault. Although several electrical devices connected
to the circuit affect these values, the configuration used to construct the circuits feeding a
distribution substation directly affects the amount of fault current available at a specific site by
contributing to the total impedance value between the source for fault current and the location of
the fault. As mentioned in previous chapters, the fault current at a substation is used to calculate
and determine the maximum GPR at such a site.
The maximum GPR calculation is directly linked to a split factor value that determines
the amount of maximum fault current injected deep to the substation ground in comparison to the
amount of fault current traveling to the neutral wires of the distribution lines back to the source.
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Future work could potentially identify a correlation between the impedance of the neutral
conductors in a circuit connected to a substation and the soil resistivity, such a study could yield
to define a more complex mathematical representation for this correlation and serve as an
optimization tool for transmission and distribution line designs.

6.5

Ground Grid Analysis Requirements for Residential and Commercial Pad-Mounted
Equipment for Future Work
With the advancement in technology for electrical equipment and the increasing need for

more system capacity to serve customers connected to the power grid, pad-mounted equipment
continues to be the number one choice for commercial and residential applications in today’s
electric utility industry. The analysis and work described in this document has exposed and
explored the constraints and complex analysis required to develop a more accurate representation
of the system for a more accurate grounding grid design. A different study can be developed to
further investigate the characteristics of pad-mounted equipment installations at residential and
commercial sites versus the effect of maximum GPR and ground grid systems on these sites.
This investigation could potentially aid not only in the verification of current standards for these
type of electrical installations, but in the development of more accurate modeling techniques and
interpretation of results from ground grid analysis.
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Appendix

Figure 7.1: WinIGS 3D Model for Substation A

Figure 7.2: WinIGS 3D Model for Substation B
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Figure 7.3: WinIGS 3D Model for Substation C

Figure 7.4: WinIGS 3D Model for Substation D
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Figure 7.5: WinIGS 3D Model for Substation E

Figure 7.6: WinIGS 3D Model for Substation F
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Figure 7.7: WinIGS 3D Model for Substation G

Figure 7.8: WinIGS 3D Model for Substation H
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Figure 7.9: WinIGS 3D Model for Substation I

Figure 7.10: WinIGS 3D Model for Substation J
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Figure 7.11: WinIGS 3D Model for Substation K

Figure 7.12: WinIGS 3D Model for Substation L
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Figure 7.13: WinIGS 3D Model for Substation M

Figure 7.14: WinIGS 3D Model for Substation N
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Figure 7.15: WinIGS 3D Model for Substation O
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